ABSTRACT Subsynchronous resonance (SSR) occurs mainly in series compensated transmission line connected to the wind power system. This phenomenon (SSR) can lead to electrical instability and potential turbine generator shaft failure. Thus, the protection system is an essential part to avoid the harm of SSR. In this paper, an improved fast detection method is proposed to detect the SSR phenomenon in a very short time. It consists of two stages; first, the positive or negative half-cycle time of each cycle of voltage signal is detected based on four steps, namely, signal conversion, comparison, integrator, and sample and hold; second, the obtained time is compared with the damping and trip threshold values, and the best action is determined (addressing or trip) based on the value of half-cycle time. The effectiveness and superiority of the improved fast SSR detection method are validated at different compensation levels and compared with the traditional method and subsynchronous oscillation relay (SSO). The simulation results prove that the improved method is more efficient in all types of SSR phenomenon; induction generator effect (IGE), control interactions (CI), and torsional interaction (TI) at different compensation levels. In addition, a comparative study among these three types of SSR with the proposed method is carried out, and the obtained results show that the CI is a suitable type with the proposed method.
resonance (SSR) [1] , [2] . This phenomenon has an adverse impact on the system stability and makes the shaft is susceptible to damage as occurred earlier in 1971 at Mohave generator in Nevada, USA [3] [4] [5] . Also, in October 2009, series compensated system and two wind generation systems of AEP-Taxes in south Taxes experienced SSR, the equipment of both the turbine and utility were damaged in this event, in addition to many other incidents around the world. There are three types of SSR phenomenon namely as follows: (1) Induction Generator Effect (IGE), (2) Control Interaction (CI), and (3) Torsional Interaction (TI). Due to the control interaction CI grow faster than both the induction generator effect IGE and Torsional interaction TI, it is related to the transient phenomenon; while the other types are related to the steady-state phenomenon. The frequency of SSR is within 15 % to 90% of the fundamental frequency according to [5] [6] [7] [8] [9] [10] .
Since SSR poses a potential danger to the safety and stability of both the wind turbine and the electrical network, hence it is necessary to design protection system to avoid its occurrence. Through the previous events, it has been observed that if the SSR is detected in the early stages, there is a chance for damping this phenomenon before it grows and causes a lot of damages.
Several methods have been presented for detection SSR in different ways, and avoid the risk of subsynchronous resonance in power systems. For instance, the static machine frequency (SMF) relay is the first version of torsional relay, which has been used for many years [11] , [12] . It can detect the torsional instability based on shaft speed signal. This relay has been later modified into a new version, namely, torsional stress relay (TSR) [13] , [14] . This new version can detect the torsional oscillations based on monitoring the generator's shaft speed. However, the TSR cannot address the subsynchronous control interaction (SSCI). In [15] , a twolevel SSR protection system has been applied to detect the SSR phenomenon based on both the shaft speed, terminal voltages, and armature currents. Although this method is effective, the philosophy and setting of protection are complicated, and some parameters depend on the engineering experience. In [16] [17] [18] [19] , the SSO relay has been employed to protect the generator against the harm of SSR based on monitoring the armature current. However, it is so difficult to detect SSR in a short time. In [20] , TEX relay has been used to estimate SSR based on armature current. However, it is relatively insensitive at frequencies which are less than 20 Hz. In [21] [22] [23] [24] , different methods have been presented to detect the SSR. However, the main drawback of these methods is that the SSR frequency is detected after a long time. On the other hand, the SSR phenomenon can be damped using different technologies such as FACTS [25] [26] [27] , supplementary damping controller [28] - [29] , passive blocking filter [14] , and Kalman filter [30] . Although the damping methods can mitigate SSR, the protection system assure the safety of the network components under any condition.
In [31] , an approach depends on zero crossing detection and FFT algorithm (Traditional Method) has been used to detect SSR. The common drawbacks of this method can be summarized as follows:
-The accuracy of FFT is a strong function of the signal length, in other words, increasing the length of the analyzed signal leads to high accuracy. Hence, the protection system is activated after a long time around 0.2 sec. -The estimation accuracy has a bad performance at specific frequencies and amplitudes; 1/2, 1/3, 2/3 of the fundamental frequency. -All these restrictions make this method non-practical and inflexible. Therefore, this paper proposes a fast detection method to address the above issues. The main contributions of this work could be summarized as: -An effective method is proposed to fast detect the SSR phenomenon. -The improved method is mainly based on comparing the half-cycle time of voltage signal of each cycle with the threshold values (damping and trip values). Based on this comparison, the suitable action is taken to address the SSR problem or trip the circuit. -The performance of improved detection method is validated using three types of SSR (IGE, TI, CI) at different compensation levels (small, medium, and high). -The obtained response time by improved detection method is compared with those obtained by traditional and SSO relay methods. -The results prove the effectiveness and superiority of improved method compared with other detection methods. The rest of the paper is organized as follows: the SSR detection system is described in Section II; the studied power model is presented in Section III; the simulation results and discussion are given in Section IV; the Outstanding features of improved method are discussed in section V; finally, the paper is summarized in section VI.
II. SSR DETECTION SYSTEM A. TRADITIONAL SSR DETECTION METHOD
In the traditional method, both of SSR frequency and amplitude are determined to prevent the failure of transmission systems. This method consists of the following three blocks as shown in Fig. 1 : 
1) DEMODULATION BLOCK
This block is mainly based on zero crossing. Both the upper and lower envelope of the voltage signal are determined, then the lower value is subtracted from the upper value to get the demodulation signal.
2) ANALYSIS BLOCK
The demodulated signal from the first block is applied to Fast Fourier Transformer which calculates its amplitude and frequency.
3) DECISION BLOCK
It decides whether the frequency and amplitude can be considered as SSR or not.
B. BASIC PRINCIPLE OF IMPROVED SSR DETECTION METHOD
When the system is stable, the waveform is normal, and the positive wave time equals the negative wave time as shown in Fig. 2 . On the other hand, the times of both the positive and negative waves are different at appearance SSR, that is to say, this phenomenon creates long and short half-cycles in the signal wave as shown in Fig. 2 . The compensation level is proportional to the maximum value of half-cycle time and inversely with the minimum half-cycle time.
C. IMPROVED SSR DETECTION METHOD AND ITS IMPLEMENTATION
In this improved method, the SSR phenomenon is detected in very short time with high reliability and accuracy. In addition, it selects the appropriate decision whether sending the signal to the damping control or the trip circuit. This method consists of the following two stages as shown in Fig.3: 
1) HALF-CYCLE TIME DETECTION BLOCK OF VOLTAGE SIGNAL
The aim of this block is to determine the positive or negative half cycle time of each cycle. For this purpose, the detection block includes four stages as illustrated in Fig.3 -A. 
Stage 1 (Signal Conversion): the voltage signal (sinewave)
is converted to a square wave using ''sign'' block.
Stage 2 (Comparison): the square wave is compared with zero to produce only half square wave whether the positive or negative.
Stage 3 (Integrator): the half square wave is fed to the ''integrator'' block to produce a sawtooth wave. The integrator reset is done by ''hit crossing'' block which is used to identify the positive or negative zero crossing of the sinewave according to the hit crossing offset. It should be noted that the negative zero crossing is obtained when the value of signal converts from positive to negative, while the positive zero crossing is obtained when the value of signal converts from negative to positive.
Stage 4 (Sample and Hold): the positive or negative half-cycle time of each cycle is obtained by ''sample and hold'' block which stores the data of sawtooth wave in the specific time to get the maximum value. The ''Edge detector'' block determines either positive or negative zero crossing of half square wave and does a reset for the ''S/H'' block.
2) DECISION BLOCK
The main goal of this block is to compare the half-cycle time with the threshold value. The value of the half-cycle time is almost constant at normal conditions. Both the damping and the circuit trip functions are required in the protection system when the SSR appears in the signals. Based on the To activate the trip or damping signal, the SSR has to be detected in the three phases because SSR is a three phases phenomenon. Due to the half-cycle time is variable at occurrence the SSR, off delay timer is used to remain the signal for a specific time. The data of improved method is given in TABLE. 1.
III. POWER SYSTEM STUDY MODEL WITH DFIG WIND FARM A. STUDY MODEL DESCRIPTION
To prove the effectiveness of the presented method, IEEE First Benchmark Model (FBM) is modified for study the subsynchronous resonance phenomenon in doubly-fed induction generator wind turbine, where the synchronous generator is replaced by DFIG wind turbine as depicted in Fig. 4 [32] . In this study, a 9 MW DFIG based wind farm is connected to an infinite bus through a series compensated transmission line. The rated voltage of DFIG is 575 V, and the frequency is 50 Hz. The 9 MW wind farm is an aggregated model of 6 wind turbine units, where the capacity of each unit is 1.5 MW. In Fig. 4 , W represents the wind turbine system; G is the DFIG system; L is the transmission line system; and E is the infinite bus. X tg is the reactance of the grid side converter transformer, R L is the transmission line resistance, X L is the transmission line reactance, X C is series capacitor reactance, and X sys is the reactance of the transmission line to the infinite bus. The system parameters are given in Appendix A.
B. SHAFT SYSTEM MODEL OF TURBINE GENERATOR
The turbine generator shaft system is presented by a two-mass system as shown in Fig. 5 . The first mass represents the lowspeed shaft (turbine speed), while the second mass represents the high-speed shaft (the rotor speed of DFIG) [33] , [34] .
The differential equations of two-mass system can be written as follows:
where, H g and H w are the inertia constants of the generator and wind turbine, respectively; w g is the DFIG rotor speed, w w is the rotor speed of the wind turbine; k hg and D hg represent the shaft stiffness of the drive train and the damping coefficient between the wind turbine and generator, respectively; D g and D w are the damping coefficients of the generator and turbine, respectively; δ b is torsional angle between wind turbine and generator; w s is the synchronous speed of electrical system; and T w is the mechanical input torque to wind turbine, while T e is the electromagnetic torque of the generator.
C. ELECTRICAL MODEL OF DFIG SYSTEM
The DFIG is composed of a wound rotor induction generator connected to the network via slip rings and back-to-back voltage source converters, and stator directly connected to the network as shown in Fig. 4 . The back-to-back converter consists of rotor side converter (RSC), dc-bus, and grid side converter (GSC). The RSC controller is responsible for regulating the active power and reactive power to or from the network, while the GSC aims to control the dc-link voltage and the stator terminal voltage. The DFIG model can be described by synchronous reference frame, where the rotating speed of the frame is the synchronous speed, w s = 2 * pi * f. The differential equations of stator and rotor voltages can be written as follows [35] , [36] : (2) where, V represents the voltage, R is the resistance, i is the current, ψ is the flux linkage, and S is the slip ratio; the subscripts s denotes on the stator side, while r indicates the rotor side; and the subscripts d, and q denote on the direct and quadrature components, respectively. The flux linkages equations can be expressed as follows:
where, L s and L r are the stator and rotor self-inductance, respectively; and L m is the mutual inductance between stator and rotor. The electromagnetic torque is calculated as:
IV. SIMULATION RESULTS AND DISCUSSIONS
The performance of improved SSR detection method is validated using standard IEEE first benchmark model of DFIG based on wind farm under different scenarios.
A. STUDY MODEL
In this study, the modified IEEE first benchmark model of DFIG based on wind farm (Fig. 4) with the improved method ( Fig. 3 ) starts without compensation level (k = 0%). The series capacitor is inserted into the transmission line at t = 1 sec, and this leads to appearance additional frequency, . 2. To prove the effectiveness and fast of the presented method, the low compensation level (no SSR) is studied, and the three types of SSR are studied at high compensation levels k = X C /X L in a wide range.
B. LOW COMPENSATION LEVEL (NO SSR)
At low compensation levels, the magnitude of the equivalent rotor resistance R r /s is less than the total resistance of the armature and the network, thus the system is stable. The following conclusions are summarized from Fig. 6 1) The first stage (t < 1 sec): in this stage, the compensation level equals to zero and the voltage wave includes only fundamental frequency (50 Hz). Thus, the system is stable. 2) The second stage (t ≥ 1 sec): at inserting small capacitor reactance in the transmission line at t = 1 sec (case 1), it can be noted a slight change in the voltage signal as shown in Fig.6 (a) . Thus, the half-cycle time doesn't exceed Max. damping threshold value (0.0102 sec) or Min. damping threshold value (0.0098 sec) as illustrated in Fig.6 (c). 3) FFT analysis of the voltage signal proves that there are two frequencies at inserting a series capacitor. The first one is fundamental frequency (50 Hz), and the last one is natural frequency (12 Hz) as shown in Fig.6 (b) . This oscillation is damped by the main DFIG controller (RSC and GSC), and the half-cycle time backs as it was. 4) As the half-cycle time doesn't exceed the threshold values, no damping or trip signal will be done as shown in Fig.6 (d) . On the other hand, the natural frequency is out of the range of traditional method frequency (15-40Hz), therefore, no detection signal will be determined as shown in Fig.6 (d) . 5) The improved method and traditional method have the same performance, where no SSR detection as shown in Fig.6(d) .
C. DETECTION SIMULATION OF IGE
IGE is the most important factor of SSR. This phenomenon occurs if the magnitude of rotor resistance R r /s is negative and greater than the sum of the resistance of the stator and network. IGE phenomenon appears at high compensation levels [6] , [7] . (f n = 22 Hz), respectively; and the traditional method detects the SSR after 0.2 sec for both cases. 6) All obtained results show that the improved detection method is more efficient than the traditional method.
D. DETECTION SIMULATION OF CI
SSCI occurs due to the interaction between the controllers of the DFIG wind turbine and the series compensated transmission line. Unlike induction generator effect and torsional interaction, the growth rate of control interaction is high and oscillating might be expected to reach a damaging level within a very short time compared to other types. This phenomenon is created by the three phases to ground fault [6] , [9] , [10] . The following conclusions can be extracted from Figs. 9, 10.
1) The first stage (t < 1 sec): the transmission line doesn't include a series capacitor and the natural frequency equals to zero. Thus, no SSR phenomenon. 2) The second stage (t ≥ 1 sec): the high compensation level is applied to the system, and the three phases to ground fault is excited at t = 1 sec and lasts for 0.01 sec. Consequently, there is a big disturbance in the voltage signal as shown in Figs.9(a),10(a) . Then, the half-cycle time per cycle of the voltage exceeds only the damping threshold value in a very short time as shown in Figs.9(c),10(c) . 
E. DETECTION SIMULATION OF TI
If the complement of one of the torsional natural frequencies of the shaft system f emi is close to the electrical natural frequency f n , this phenomenon is called Torsional Interaction TI. As a result of the softness and shortness of the wind turbine's shaft, and the small value of the shaft stiffness coefficient, the torsional natural frequency is in a range 1-5 Hz. Indeed, it is a very small value to cause SSTI in wind farms because the values of the compensation level are in a range of 50% to 75 %, thus the electrical natural frequency is far from the torsional natural frequency. Therefore, SSTI maybe not a concern in wind farms [6] [7] [8] [9] . To test the torsional interaction, the shaft stiffness is increased with a specific value corresponding to the electrical natural frequency. The following conclusions can be extracted from Figs. 11, 12.
1) The first stage (t < 1 sec): the system operates without a series capacitor in the transmission line, hence, the system is stable. 5) From Figs. 11(e), 12(e), the damping signal is activated by the improved method after 0.04 sec for both Case 6 (f n = 34 Hz), and Case 7 (f n = 37 Hz); while the SSR is detected by traditional method after 0.2 sec for both cases. 6) If the half-cycle time exceeds Max. or Min. trip threshold values as shown in Fig.12 (c) , the trip signal will be activated as illustrated in Fig.12 (f) . On the other hand, the traditional method doesn't include this function, that is to say, it is used only for detection SSR. 7) In order to create TI in the wind farm, the value of shaft stiffness in Case 6 is 120 p.u. torque/rad; while in Case 7, it is 80 p.u. torque/rad.
V. OUTSTANDING FEATURES OF IMPROVED METHOD
In the previous section, the simulation results have proved that the improved method has superior performance, where it can detect SSR in very short time compared with the traditional method at different compensation levels, and all the types of SSR. In this section, a comparative study between the induction generator effect IGE, torsional interaction TI, and control interaction CI is carried out at small, medium, and high compensation levels as depicted in Fig.13 . Regarding IGE, the detection time is inversely proportional to the compensation levels, in other words, at decreasing series capacitor, the detection time decreases as shown in Fig. 13 (Curve A). Regarding TI, the detection time is almost constant at different compensation levels, where the improved method can detect SSR after 0.04 sec from its occurrence as shown in Fig. 13 (Curve B). Regarding CI, the detection time is almost constant around 0.03 sec with increasing the compensation level as shown in Fig. 13 (Curve C). Based on the obtained results, the more suitable type for the improved method is control interaction CI. On the other hand, the improved method is compared with another method, it's called subsynchronous oscillation relay (SSO) [17] . SSO relay protects the system against subsynchronous control interaction. As shown in Fig. 13 (Curve D), SSO relay detects CI in a short time (0.1 sec); while the improved method detects CI in a very short time (0.03 sec). Consequently, the improved method detects SSR faster than the traditional method and SSO relay.
VI. CONCLUSION
In this paper, a fast method has been proposed to detect the SSR phenomenon in an early stage. In this method, the halfcycle time either the positive or negative of each cycle of the voltage signal is determined, then the value of half-cycle time is checked (if it is greater than the damping threshold value, the damping signal is activated, else if it exceeds the trip threshold value, the trip signal is activated). The effectiveness and reliability of the improved method have been validated for different SSR types (IGE, CI, and TI) at different compensation levels. All simulations have been carried out using MATLAB/SIMULINK model. The simulation results have shown that the improved method can detect the three types of SSR faster than the traditional method at all compensation levels. In addition, the three types of SSR with the improved method has been studied and it has been observed that the CI has the best response with the improved method. Moreover, the superiority of improved method has been also proved comparing with SSO relay. Finally, the improved detection system is considered easy to be implemented in realistic wind power systems. YU HU received the B.S. degree in electrical engineering from Fuzhou University, Fuzhou, China, in 2017. She is currently pursuing the M.S. degree with Chongqing University, Chongqing, China. Her research interest includes the stability and reliability analysis of power systems with high-penetration of wind power.
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